[1] The north China block (NCB), part of the Sino-Korean craton, is surprisingly one of the most active seismic regions in the world. The south China block (SCB), another major craton in East Asia, has been seismically quiescent. Using the updated GPS data and finite element modeling, we show that the kinematic boundary conditions are the primary cause of the contrasting seismicity. The SCB, facilitated by large strike-slip faults on its boundaries, moves coherently as a rigid block. Conversely, sandwiched between the expanding Tibetan plateau and the stable Siberia, the NCB experiences large differential stresses, which are further enhanced by faulting and thermal thinning of the lithosphere. The spatial agreement between seismic energy release in the past $2000 years and the predicted long-term strain energy implies that intense seismicity in the NCB may continue in the future. Citation: Liu, M., and Y. Yang 
Introduction
[2] The north China block (NCB), which includes the Ordos plateau and the north China plain, is part of the Archean Sino-Korean craton, yet it is one of the most active seismic regions in the world (Figure 1 ). Chinese historic records show nearly 100 large (M > 6) earthquakes since 23 AD in this region, including the 1556 Huaxian earthquake (M = 8), the deadliest earthquake in human history with 830,000 people reportedly killed [Ming et al., 1995] . Modern seismicity is strong and widespread; the best known event is the 1976 Tangshan earthquake (M = 7.8), which killed $250,000 people and completely destroyed the industrial city Tangshan [Chen et al., 1988] . In contrast, the south China block (SCB), another ancient craton that collided with the NCB in the Mesozoic, has remained seismically quiescent (Figure 1) .
[3] The tectonic origin of earthquakes in the NCB and the contrasting seismicity in the SCB remains uncertain. The NCB was part of a stable craton during much of the geological history till late Mesozoic, when lithosphere was thermally thinned, resulting in widespread volcanism and rifting [Ren et al., 2002] . The volcanism waned in the late Cenozoic, but the lithosphere in the NCB remains abnormally thin ($80 km in places) [Ma, 1989] . Seismic tomography shows broad and prominent low velocity structures in the upper mantle under the NCB [Liu et al., 2004] . Some workers have ascribed the intense seismicity in the NCB to its crustal and mantle structures [Ma, 1989] . Others have linked seismicity in the NCB and SCB to the far-field effects of the Indo-Asian collision [Tapponnier and Molnar, 1977] . In this study we investigate the crustal motion using the Global Positioning System (GPS) data and explore the effects of crustal kinematics and lithospheric structure on seismicity using finite element modeling.
Strain Accumulation: The GPS Data
[4] Strain rates in East Asia have been estimated from seismic and GPS data [Holt and Haines, 1993; Molnar and Deng, 1984] , but the GPS data in previous studies are sparse. The crustal kinematics has been greatly refined by the Crustal Motion Observation Network of China (CMONOC), established since 1988 by the State Seismological Bureau of China [He et al., 2003; Shen et al., 2000; Wang et al., 2001] . Figure 2 shows the data collected by the CMONOC network [He et al., 2003] . For the eastern edge of the Tibetan plateau, we also used the updated data from Zhang et al. [2004] . These are essentially the same datasets processed similarly (Z.-K. Shen, personal communication, 2005) .
[5] We calculated the scalar strain rate, defined as
, from the GPS velocity field. The variables f and l are longitude and latitude, respectively. A region must contain at least three velocity sites for the average strain rate to be calculated. We chose to require at least six sites in a grid window to reduce the impact of erratic sites. This requires an 8°Â 8°window to cover all regions shown in Figure 2 . Within each window linear regression is used to calculate the average velocity gradient. We then iterated with finer windows of 4°Â 4°, 2°Â 2°, and 1°Â 1°to refine the strain rates in areas where velocity sites are sufficiently dense. The results (Figure 2) show Ordos plateau as a stable block with low strain rates. High strain rates are found in the north China plain and around the Ordos plateau. The SCB shows low strain rates, but the GPS data in the SCB are sparse.
Stress and Strain Energy: Finite Element Modeling
[6] To explore the impact of crustal kinematics and lithospheric structure on seismicity in the NCB and SCB, we developed a three-dimensional finite element model to calculate the long-term stress states and strain energy in these regions (Figure 3 ). The NCB is subdivided into the Ordos plateau, the north China plain (NCP) and the Su-Lu block (named after the two provinces in this region) because of their distinctive tectonic history. The basement of the SuLu block is probably part of the SCB craton, but the block GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L12310, doi:10.1029 /2005GL023048, 2005 Copyright 2005 by the American Geophysical Union. 0094-8276/05/2005GL023048$05.00 has behaved as an integral part of the NCB since Tertiary [Wu et al., 2004] . Displacement boundary conditions, based on the GPS data, are applied to the edges of the model domain. Both the surface and the bottom of the model domain are supported by Winkler's spring mattress to simulate restoring forces resulting from displacement of the density boundaries. A uniform crustal density (2800 kg/m 3 ) is assumed, this allows the gravitational buoyancy forces arising from lithospheric heterogeneity to be estimated from the isostatically supported topographic load [Liu et al., 2000] . The model crust has three layers ( Figure 3 ) that may be assigned with different properties. The model was built for viscoelastic rheology, which becomes essentially viscous when crustal deformation is simulated over a time span much longer than the viscous relaxation time. The finite element method was used to solve for the stress and strain rate [Liu and Yang, 2003] .
[7] We started with a homogeneous crust for both the NCB and SCB (Young's modulus: 70 GPa; Poisson ratio: 0.25; viscosity for all crust layers: 5 Â 10 23 Pa s); the Tibet plateau was assumed to be weaker (viscosity: 3 Â 10 22 Pa s). The viscosity values are within the typical range for longterm continental deformation; using different values will not affect the main conclusions of this work. Figure 4a shows the predicted stress. The maximum horizontal compressive stress fans out from the NE side of the Tibetan plateau, orienting roughly NE in the NCB and gradually changing to EW and SE in the SCB, similar to geologically constrained stress fields [Ma, 1989] . The higher shear stress in the NCB than that in the SCB results entirely from the imposed kinematic boundary conditions, because here we used same crustal property for the two blocks and included no internal faults. As shown in Figure 2 , the NCB is compressed in the NE to NEE direction between the expanding Tibetan plateau and the stable Alashan-Mongolian shield but moves relatively freely in the SE direction, hence the relatively large differential stresses. Conversely, the coherent SE motion of the SCB results in little differential stresses except near its margins, partly because the fault zones are not included in this case. The three-dimensional stress states within the crust (Figure 4b ) are generally consistent with active faulting in the NCB, which is dominated by NNE and WNW strike-slip faults [Ma, 1989] . The product of stress and strain rate tensors offers a measure of the rate of longterm strain energy accumulation and dissipation; part of it is consumed by crustal deformation and earthquakes. Figure 4b shows that the predicted strain energy is higher in the NCB than in the SCB, consistent with the seismicity (Figure 1) .
[8] The lithosphere in the NCB has been thermally thinned since late Mesozoic, with large lateral variations [Ma, 1989] . Figure 5a shows the results of a heterogeneous model crust, featuring a stiff Ordos plateau and a weak north China plain and the Su-Lu block. Internal fault zones that bound the tectonic units (Figure 3 ) are also included as rheological weak zones [Liu and Yang, 2003] . The results are similar to those in Figure 4 but with a better fit to the observations: the predicted NW-SE extensional stresses near the eastern and northwestern sides of the Ordos plateau are consistent with active rifting around the plateau [Zhang et al., 2003] ; and the concentration of strain energy in the north China plain and around the Ordos plateau is comparable with the seismic energy release since 23 AD (Figure 5b) . We derived the seismic energy from Chinese catalogs of historic earthquakes and modern events using the Gutenberg-Richter's formula [Lay and Wallace, 1995] , and approximated all magnitudes as M s . The energy is averaged over a 20-km thick seismogenic crust. Even with the incomplete records of historic events, the similarity between the seismic energy release and the long-term strain energy is noteworthy.
Discussion and Conclusions
[9] Our results indicate that the contrasting seismicity between the NCB and SCB is primarily caused by the different tectonic settings of these blocks. Sandwiched between the stable Siberian shield and the Tibetan plateau, the NCB is compressed in the NEE direction by the expanding Tibetan plateau while stretched in the NWW direction, leading to high deviatoric stress within the crust. In contrast, the SCB lies in a ''pressure shadow'' of the Indo-Asian collision; the major strike-slip faults bounding its western and northern sides, in addition to a relatively free SE margin of the Eurasian plate, allows the SCB to move uniformly as a rigid block.
[10] Crustal deformation and seismicity within the NCB is further enhanced by the lithospheric thinning and weakening that started in late Mesozoic. Within the NCB, seismicity is clearly controlled by the heterogeneous crustal structures. The rift zones around the stable Ordos plateau, which developed mainly since Pliocene [Zhang et al., 2003] , have experienced more than 30 M > 6 earthquakes in the past $2000 years. Within the north China plain, earthquakes occurred mainly on the NNE and NWW trending strike-slip faults that have been related to the Indo-Asian collision [Tapponnier and Molnar, 1977] .
[11] The similarity between the predicted spatial patterns of long-term strain energy and the seismic energy released in the past 2000 years ( Figure 5 ) suggests that the intense seismicity around the Ordos plateau and in the north China plain reflects a long-term pattern of strain energy accumulation and release, implying continued intense seismicity in the future. This finding is significant, given the high density of human population and extensive infrastructure in northern China today.
